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Protected hole valley states in single-layer MoS2
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We present an angle-resolved photoemission spectroscopy study of single-layer MoS2 where interaction with
a supporting highly ordered pyrolytic graphite substrate was controlled by temperature change, consistent with
related modifications in the layer-substrate distance. The impact of interface potential landscape changes on the
electronic properties and charge dynamics on the MoS2 layer was evaluated by valence-band dispersion and
photoemission line-shape analysis. Our results indicate that the hole states at the K-valley point are essentially
unaffected by interface potential, reflecting the strong-in plane localization of the electronic wave function.
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I. INTRODUCTION

The discovery that transition-metal dichalcogenides
(TMDCs; MX2 where M = Mo, W, etc. and X = S, Se,
etc.) become a direct band-gap material when thinned down
to a monolayer (ML) sparked considerable interest in their
use for optoelectronic applications [1,2]. Large spin-orbit
splitting of the valence band combined with the lack of
inversion symmetry in the ML lifts the spin degeneracy at
the specific region of the momentum space (K valleys),
leading to a novel spin-valley coupling and thus allowing
the selective excitation of carriers through the helicity
of incoming circularly polarized light [3]. This unique
“spin-locking” mechanism at the K-valley points primes the
TMDC system for charge transport control with spin and
valley degrees of freedom, with promising spintronic and
valleytronic applications [4]. Like other low-dimensional
systems, the physical properties of the TMDC MLs can be
susceptible to the interaction with substrate and/or any other
interfacial layer, due to the reduced electrostatic screening in
two dimensions (2D) [5,6]. Understanding how and to what
extent the interface potential landscape affects the physical
properties of TMDC MLs is a critical issue for applications,
as interfacing with other materials (i.e., dielectric and/or
metallic electrodes) is required in any real device architecture
to achieve control over the various charge/spin manipulation
processes.

With its energy/momentum detection capability, angle-
resolved photoemission spectroscopy (ARPES) represents an
ideal technique to elucidate the many-particle and interface
effects on electronic properties and charge dynamics of the 2D
layer through observation, for example, of anomalous energy-
dispersion change [7] and/or broadening of the photoemission
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peaks’ line shape [8–10]. Despite their fundamental and tech-
nology implications, such interface-related effects on TMDC
MLs are still not fully understood, as critical parameters
governing the interfacial potential, such as layer-substrate dis-
tance and interfacial defect distribution (with related Coulomb
potentials), remain difficult to control experimentally in fab-
ricated TMDC interfaces for photoemission studies. In the
ARPES investigation of exfoliated, micrometer-sized TMDC
single layers and stacked heterostructures, the data are gen-
erally too broad in energy for detailed analysis due to the
poor structural quality of the sample and limited energy
resolution of the required micro-ARPES techniques [11–13].
For large-scale epitaxial-grown TMDCs generally obtained on
doped or metallic substrates [14–21], dielectric screening and
strong interactions with the substrate significantly impact the
electronic band structure of the TMDC [14–20], and possibly
obscure the effects of intralayer defects and 2D many-particle
dynamics in the ARPES line shape [21].

Here we present an ARPES study of the electronic prop-
erties and charge dynamics in a MoS2 (ML)/highly ordered
pyrolytic graphite (HOPG) interface where the layer-substrate
interaction was controlled by temperature change, consistent
with related modifications in the layer-substrate distance.
By valence-band dispersion measurements and photoemission
line-shape analysis, we clarify the role of wave-function sym-
metry in mediating the impact of interface potential landscape
on the electronic properties and charge dynamics at various
regions of the MoS2 ML Brillouin zone (BZ). In particular,
we demonstrate that hole (and related spin) states at K-valley
points, relevant for valleytronics applications, are essentially
protected from substrate and interfacial defects, and this can
be physically attributed to the strong in-plane localization of
the electronic wave function.

II. RESULTS AND DISCUSSION

MoS2 (ML)/HOPG interface was obtained by wet trans-
ferring a large-scale grown MoS2 ML on a cleaved HOPG
substrate (see Appendix A). The in-plane orientation of the
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FIG. 1. (a),(b) ARPES intensity plot (normalized to maximum) showing the VB dispersion of MoS2 ML along �K at (a) 295 K and (b)
11 K. Dashed black curves in (a) denote the calculated band dispersion for freestanding MoS2 ML. The energy separation between the band
extrema at the � and K points (�E�K ) is also indicated at both temperatures. (c) EDCs around � and K at 295 K (red filled circles) and

11 K (cyan filled circles). ARPES data were integrated over ±0.02 Å
−1

around � and K. Intensities were normalized to the highest point of
the EDCs. (d) Calculated �E�K with varying lattice constant a in a freestanding ML (see inset). (e) Calculated �E�K change with reduction
of MoS2 layer distance d from supporting substrate (single-layer graphite used, for computational efficiency) (see inset).

MoS2 ML was then characterized by constant-energy ARPES
mapping in the 2D reciprocal space (Appendix A). The results
indicate a multidomain structure with two dominant MoS2

single-crystal orientations, having a relative in-plane rotation
of 30◦ (see discussion in Appendix B).

Figures 1(a) and 1(b) show the ARPES intensity plot of
the MoS2 ML on HOPG acquired along the �K direction
(Appendix B) of the ML BZ at 295 and 11 K, respectively.
The corresponding energy distribution curves (EDCs) as a
function of the momentum component (kx ) are reported and
discussed in Appendix C. At the � point, a single dispersive
valence band (VB�) can be observed at a binding energy
∼1.9 eV. The VB gradually splits into two subbands (VBK

1
and VBK

2 ) as kx increases towards the K point, where the
absolute VBM is located. The exact K position in the mo-
mentum space was determined by parabolic fitting of the VBK

1
band dispersion near the turning point (see Appendix D). At

both temperatures, a fitted value of 1.325 ± 0.005 Å
−1

was
found, corresponding to an in-plane ML lattice constant of
a = (3.16 ± 0.01) Å (Appendix D), in good agreement with
previous structural studies on MoS2 monolayers [22,23]. At
higher binding energies (>2.5 eV), the �M band dispersion is
also observed, reflecting the multidomain nature in the MoS2

ML (Appendix B).
The calculated �K band dispersion for freestanding MoS2

ML with a = 3.16 Å is shown in Fig. 1(a) (short dotted
curves), exhibiting good agreement with the ARPES data,

within the limits of first-principles band structure calcula-
tions (Appendix E). Similar agreement between experimental
results and theoretical calculations is also suggested by our
ARPES data at 11 K.

Upon cooling to 11 K, a different binding energy shift is
observed at the � and K points, as also evidenced in Fig. 1(c)
by the comparison of the EDCs around the high-symmetry
points. Consequently, the energy separation between the local
VBM positions at the � and K points (�E�K ) decreases
from 140 to 120 meV, corresponding to a slight distortion of
the overall valence-band structure [Figs. 1(a) and 1(b)]. This
effect is completely reversible with temperature after cycling
back to 295 K (see Appendix F).

Two mechanisms can be proposed to explain the ob-
served temperature-induced VB distortion: (i) reduction of
the in-plane lattice constant a [Fig. 1(d)] and (ii) reduction
of the layer-substrate distance d with possible increase of
the layer-HOPG interaction [Fig. 1(e)]. For the MoS2 single
crystal, a ∼ 1% contraction of the in-plane lattice constant
was reported from 340 to 80 K [24,25]. In some studies, an
in-plane lattice change was invoked to explain the modifica-
tion of the optical band gap of the TMDC layers observed
in temperature-dependent photoluminescence measurements
[24,26]. A temperature-induced change is also theoretically
expected for the interlayer distance d [27], and its reduction
was recently suggested to influence the optical response of
TMDC heterostructures at low temperature [28].

045134-2



PROTECTED HOLE VALLEY STATES IN SINGLE-LAYER … PHYSICAL REVIEW B 99, 045134 (2019)

FIG. 2. (a)–(d) EDCs (closed circles) at � for (a) 295 K and (b) 11 K and at the K point for (c) 295 K and (d) 11 K. EDCs near VB local
maximum were fitted by Voigt functions (dashed curve with green shading) (see text for details). The extracted Lorentzian (wL ) and Gaussian
(wG ) are reported in (a)–(d). (e) wL and (f) wG temperature dependence at � (closed yellow squares) and the K point (closed green triangles).
(g) Schematic impact of substrate interaction and impurities/defects Coulomb potential on the MoS2 ML electronic states near the local VB
maximum at � and K . Calculated charge density plot reflects the wave-function symmetry at different points of the BZ.

The impact of the above proposed mechanisms on the
MoS2 VB dispersion is discussed next, supported by relevant
band structure calculations (details in Appendix E).

For freestanding MoS2 ML, a reduction of the in-plane
lattice constant a leads to a larger �E�K energy separa-
tion [Fig. 1(d)] in contrast to our experimental observation
[Figs. 1(a)–1(c)]. On the contrary, when substrate presence in
taken into account [Fig. 1(e)], reducing substrate-layer dis-
tance d induces a gradual decrease of �E�K , consistent with
our ARPES data. The initial value of d = 3.50 Å used for the
calculation is in accord with a previous experimental report
[15], the substrate being simulated by single-layer graphite to
reduce computational cost (Appendix E).

The above results indicate that the change in the layer-
substrate distance d plays a dominant role in determining
the observed MoS2 ML VB shift with sample temperature.
A minor impact on the overall band dispersion due to the
in-plane lattice changes cannot be excluded a priori, but
the current data does not permit such an analysis as our
experimental uncertainty in determining the lattice constant
at both temperatures (±0.01 Å corresponding to a lattice
contraction of ∼0.3%) is of the same order of magnitude
as the temperature-induced lattice change (∼1%) reported
for MoS2 [24,25]. The above findings can be explained
by considering the different wave-function localization at
various regions of the BZ, i.e., in-plane at the K point
(Mo dx2−y2 , dxy and S px,py orbital character) and out-of-

plane at the � point (Mo d3z2−r2 and S pz orbital character)
[29] which makes the � electronic states more sensitive to
substrate interactions via a weak charge transfer/hybridization
mechanism. Similarly, substrate electrostatic screening (not
included in our DFT calculations) which varies as ∼ 1/d [30],
can also contribute to further reduction of the binding energy
of VB states near the � point.

In principle, by altering the substrate layer distance [27]
and the MoS2 energy gap [24,26,28], temperature-induced
structural changes can also modify the energy-level alignment
at the MoS2/HOPG interface [31], i.e., VB binding energy
measured at different temperatures [Figs. 1(a) and 1(b)]. A
detailed understanding of how the above factors determine
the final energy-level alignment at the interface is beyond the
scope of the present work. We note, however, that a simple
change in energy-level alignment conditions would only lead
to a rigid (i.e., momentum-independent) binding energy shift,
in contrast with the observed VB distortion.

To understand the charge dynamics in the MoS2 layer as
a function of substrate-TMDC interaction (tuned by tempera-
ture changes), we now analyze the ARPES photoemission line
shape in greater detail.

Figures 2(a)–2(d) show the EDCs at the � and K points
extracted from the ARPES data at 295 and 11 K, after
Shirley-type inelastic background subtraction [32,33] (see
Appendices G and H). At the � point, a clear asymmetric
EDC line shape is observed [Figs. 2(a) and 2(b)] with a
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slower decay at the high binding energy side of the peak
maximum. Similar asymmetry is observed in the EDC at the
K point [Figs. 2(c) and 2(d)], partially hindered by the doublet
structures resulting from the spin-orbit splitting. An additional
comparison between the ARPES EDCs at various symmetry
points and temperatures is provided in Appendix I.

Asymmetric EDCs have been previously reported in
ARPES studies of 2D layered materials and mainly ascribed to
charge correlation effects as well as to phonon- and impurity-
mediated scattering [9,10,34]. In brief, these processes intro-
duce a series of satellite structures at the low kinetic energy
(i.e., high binding energy side) of the main symmetric low-
energy photoemission peak, which mainly reflects the (hole)
quasiparticle band energy and dynamics, thus resulting in the
observed line-shape asymmetry [9,10,34]. At the low binding
energy side, the EDCs were simulated by a symmetric Voigt
peak function, i.e., the convolution of a Gaussian (full width
at half maximum wG) with a Lorentzian peak function (full
width at half maximum wL) (see Appendix H for details).
According to general ARPES theory [10,32,35], the Gaus-
sian broadening in EDCs is mainly due to the (i) limited
experimental resolution (∼ 20 meV in the present case, see
Appendix A) and (ii) electrostatic potential inhomogeneities
(Coulomb disorder) introduced by structural and chemical
defects which directly impact on the initial energy distribution
of the electronic states [32,35]. The Lorentzian width wL is
directly related to the lifetime τ (via uncertainty principle
relation wLτ ∼ h̄) of the hole quasiparticle created during the
photoemission process, and primarily reduced by scattering
with phonons and defects as well as with the other electrons
in the system [10,32,34].

The results of the fitting are shown in Fig. 2. The as-
extracted peak widths near �− and K-valley points [VB� and
VBK

1 in Fig. 1(a)] are reported as insets in Figs. 2(a)–2(d),
while their temperature dependence is shown in Figs. 2(e) and
2(f) (see also Appendix J for additional details [20]).

At 295 K, a Lorentzian width of wL = 11 meV [Fig. 2(a)]
was measured for the EDC peak at the � point. A comparable
width value wL = 12 meV [Fig. 2(c)] was obtained at the K
point. Upon cooling to 11 K, the Lorentzian width at the �

point increases to wL = 50 meV [Fig. 2(b)], while negligible
change was observed at the K point [wL = 11 meV, Fig. 2(d)].

The comparable wL values [∼ 10 meV, Fig. 2(e)] extracted
for the � and K EDCs at 295 K suggest a strict similarity in
the corresponding hole quasiparticle lifetime. This indicates
a nearly freestanding configuration for the MoS2 ML, where
the electronic band structure and hole dynamics is essentially
unaffected by the interaction with the underlying substrate,
justifying our choice of substrate to provide a weak interac-
tion. As the interaction with the substrate is tuned by cooling
to 11 K, the substrate presence becomes relevant in affecting
the interface-related potential landscape as well as the charge
relaxation process at the various regions of the TMDC BZ. In
particular, the stronger substrate-related interaction as well as
electrostatic screening effect due to the MoS2-HOPG spacing
reduction [26] can favor the hole relaxation process. These
effects are expected to be larger at the � point than the K

point, as the out-of-plane wave-function delocalization near
the BZ center [Fig. 2(g)] makes the electronic states more
sensitive to changes in interaction with the substrate, thus
resulting in the observed increase to ∼ 50 meV (decrease) of

Lorentzian width wL (hole lifetime τ ) [Fig. 2(e)]. At the same
time, the stability of wL upon temperature [wL ∼ 10 meV,
Fig. 2(e)] indicates that hole quasiparticle dynamics at the K

point is basically unaffected by any substrate-layer interaction
change, a result attributed to the strong in-plane localization of
the wave function near the K valley [Fig. 2(g)]. We also note,
in passing, that the latter result suggests a negligible hole-
phonon coupling on the quasiparticle lifetime at K points, in
line with theoretical prediction for TMDCs monolayer [21]
(see Appendix J for more discussion).

The difference in wave-function symmetry can also explain
the observed change in the Gaussian peak broadening wG of
MoS2 EDCs with momentum and temperature. At 295 K, a
value of wG = 93 and 57 meV was extracted at the � and
K points, respectively [(Figs. 2(a) and 2(c)]. The difference
in Gaussian widths reflects the larger impact of interface
defects and related potential on the initial energy (i.e., before
the photoemission process takes place) of MoS2 electronic
states near the � point, as favored by the out-of-plane wave-
function character [Fig. 2(g)]. Upon cooling to 11 K, peak
width values of wG = 58 meV (� point) and 59 meV (K
point) were measured [Figs. 2(b) and 2(d)]. The enhanced
charge transfer/screening effect can now minimize the impact
of Coulomb disorder on the MoS2 electronic states, as simi-
larly proposed in other 2D systems for defect/impurity-related
potential inhomogeneities [35], and leads to the observed
reduction of the Gaussian broadening of the ARPES line
shape at the � point with respect to the room-temperature case
[Fig. 2(f)]. No width changes are observed at the K point in
the same temperature range, as the impact of the impurity-
related potential is minimized by the in-plane wave-function
localization [Fig. 2(g)]. Finally, the comparable Gaussian
width is now observed at the � and K points [wG ∼ 60 meV,
Fig. 2(f)] to indicate an almost complete suppression of the
Coulomb disorder effect at the � point via charge transfer
and/or substrate-related screening, with residual broadening
mainly arising from scattering with intrinsic defects of the
MoS2 ML.

The above results reveal the absence of any significant
changes in the ARPES line shape at the K point with
respect to temperature-induced modification of the interfa-
cial potential [wL ∼ 10 meV, wG ∼ 60 meV, Figs. 2(e) and
2(f)]. Crucially, they suggest that electronic properties and
hole quasiparticle dynamics at the K valley are not affected
by the (i) change in the substrate-layer interaction and (ii)
Coulomb potential from interfacial defect/impurities, despite
the presence of the HOPG substrate, thanks to the in-plane
localization of the wave function at the K point [Fig. 2(g)]. We
infer therefore that the hole dynamics at the K point is largely
influenced only by intralayer processes such as many-body
interactions and scattering with MoS2 structural defects, e.g.,
vacancies, impurities, etc.

III. CONCLUSIONS

In this work, a weakly interacting MoS2/HOPG van der
Waals heterostructure was custom fabricated and studied in
detail using ARPES and using temperature change to tune
the MoS2 and HOPG interaction. This enabled us to directly
investigate the impact of interface potential landscape on the
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FIG. 3. Schematic of the ARPES experimental geometry.

electronic band dispersion and charge dynamics across the BZ
of MoS2 ML. While the hole states at the � and K points
both appear to be influenced by intralayer many-particle and
scattering processes, the interfacial effects were found to be
significantly mediated by the wave-function symmetry. In
particular, at the K point, the in-plane localized VB states
are relatively unaffected by interaction with the substrate and
related interfacial defects/impurity. Unlike studies of other
TMCDs on more strongly interacting substrates (e.g., metals),
the weak interaction between MoS2 and HOPG can be tuned
by temperature change. This allows us to demonstrate that the
charge dynamics at the K valley is essentially protected from
local change in the interfacial potential landscape originating
even at lower temperatures which forces the MoS2 to interact
more strongly with the substrate. This demonstration of the
“immunity” of the valley holes (and associated valley-locked
spins) to interfacial landscape may have crucial implications
for hole transport in single-layer devices seeking to exploit
valley pseudospins and the control thereof in TMDC-based
heterointerfaces.
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APPENDIX A: EXPERIMENT

1. Sample preparation

A MoS2 monolayer (ML) was initially grown on a sap-
phire (c-plane) single crystal by chemical vapor deposition
methods. The ML obtained was then wet transferred onto the
HOPG substrate (SPI supplier, ZYA grade). Details of the
growing methods and wet transfer procedure were the same
as described in Ref. [22].

2. ARPES measurements

The ARPES data were acquired in a custom-designed
system, with a hemispherical electron analyzer (SCIENTA
DA30L) and monochromatized HeIα (hν = 21.218 eV) ra-
diation source (SCIENTA VUV5k). A schematic descrip-
tion of the experimental geometry is illustrated in Fig. 3
(see also Ref. [36] for more details on the experimental
system). The special analyzer lens system design allows
data acquisition in (i) "normal” ARPES mode, where the
emission angle θx is defined in the photoemission incidence
plane, and (ii) "deflection” ARPES mode, where the full
photoemission cone is accessible [i.e., both θx and θy are
simultaneously measured (see Fig. 3) within a range of ±15◦
with respect to the surface normal direction]. Higher an-
gular limits, to reach the boundaries of the BZ, were ob-
tained by proper adjustment of sample surface orientation,
defined by the �x and �y angles of the surface normal
with respect to the analyzer lens entrance axis z (Fig. 3).
In both the ARPES acquisition modes, the total-energy res-
olution was set to <20 meV. The angular resolution was
better than 0.2◦. Momentum resolution was �kx = �ky =
0.01 Å

−1
, where kx, ky are the electron momentum compo-

nents on the surface plane. The binding energy scale was
referred to the Fermi level (EF ) as measured for a clean gold
substrate.

Before performing all the ARPES measurements on
the MoS2 (ML)/HOPG samples, the samples were an-
nealed in situ (pressure <10−9 mbar) at about 470 K for
12 h after introducing them from air to the ultra-high-
vacuum (UHV) system to remove surface adsorbates re-
sulting from the air exposure after the ML transfer on
HOPG.

FIG. 4. (a) Schematic structure of a MoS2 ML (side and top view) with in-plane unit cell (lattice constant a) defined by the shaded area.
(b) BZ of the MoS2 ML. (c) Constant ARPES energy intensity map in the 2D momentum space (kx, ky ) of MoS2 ML on HOPG, at 295 K
near the energy of the MoS2 valence-band maximum (VBM) (±10 meV of integration range) and within the following momentum ranges:

−0.15 < kx < 1.45 Å
−1

and −0.15 < ky < 1.00 Å
−1

. The data obtained were then symmetrized according to the hexagonal lattice of the
system to obtain the presented fully hexagonal pattern.
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APPENDIX B: MoS2 ML IN-PLANE ORIENTATION BY
ARPES MAPPING

The 2D crystal structure of a freestanding MoS2 ML
(in-plane lattice constant a) is illustrated in Fig. 4(a) and
its corresponding BZ is described in Fig. 4(b). Figure 4(c)
shows the constant-energy ARPES intensity map in the 2D
momentum space (kx, ky ) for the MoS2 ML on HOPG, where
kx and ky represent the momentum components in the surface
plane. Measurements were taken at 295 K centered around the
energy of the MoS2 VB maximum (VBM). Spotlike intensity
features can be observed at the K corners of the hexagonal
BZ (continuous black line) where the VBM of MoS2 ML is
located. An additional BZ hexagonal pattern is also visible
(dashed red line), with comparable spot intensity and rotated
by 30◦ with respect to the first. Finally, between the high-
intensity K spots, a weaker circularlike background pattern
can be discerned.

The constant-energy map in Fig. 4(c) originates from the
superimposition of the ARPES signal of the various MoS2

single-crystal domains, with a lateral size of ∼ tenths of μm
(Ref. [23] in the main text) within the photon probed area
(spot size ∼ 0.8 mm), and it reflects the crystal symmetry of
the domains and their relative in-plane orientation on HOPG
[22]. The map suggests a multidomain structure but with two
dominant domain orientations having a relative in-plane rota-
tion of 30◦. The weak circularlike pattern in Fig. 4(c) indicates
a small amount of randomly oriented domains present in the
sample. The well-defined in-plane orientations of the MoS2

resulted from the epitaxial growth of the TMDC layer on
the sixfold symmetric surface (c plane) of the sapphire single
crystal (which was well-preserved upon transfer onto HOPG
[22]).

FIG. 5. Energy distribution curves (EDCs) as a function of mo-
mentum kx for MoS2 (ML)/HOPG. ARPES data were acquired at (a)
295 K and (b) 11 K. EDCs near the high-symmetry points (�, K, M)
of the single-crystal BZ are highlighted by black curves. For clarity

purposes, EDCs were plotted with an interval of 0.02 Å
−1

.

APPENDIX C: ARPES ENERGY DISTRIBUTION CURVES
VS SAMPLE TEMPERATURE

Figure 5 shows the energy distribution curves (EDCs) with
varying kx momentum for MoS2 (ML)/HOPG. ARPES data
were acquired at 295 K [Fig. 5(a)] and 11 K [Fig. 5(b)].
EDCs at the high-symmetry points (�, K, M) of the single-
crystal SBZ are highlighted by black curves. Due to the
multidomain structure of the MoS2 layer on the HOPG (i.e.,
two main in-plane orientation of MoS2 domains with a rela-
tive ∼ 30◦ twist angle), band dispersions along the �K and
�M high-symmetry direction of BZ were both mapped [see
also Figs. 1(a) and 1(b)]. The simultaneous detection of the
�M and �K valence bands originates from the multidomain
structure of the 2D layer combined with the high density of
electronic states along the high-symmetry direction (i.e., van
Hove singularities) as discussed in Ref. [37]. Note that at
the M point, the strong superimposition with the background
and reduced intensity does not allow a detailed discussion of
the EDC line shape and energy position at different sample
temperatures.

APPENDIX D: PARABOLIC FITTING AT K POINT

Figure 6 shows the ARPES intensity map around the K

point of the MoS2 BZ, acquired at 295 K [Fig. 6(a)] and

FIG. 6. ARPES intensity map around the K point of the MoS2

BZ. Data were acquired at (a) 295 K and (b) 11 K. The spin-orbit
valence-band splitting was clearly observed. Inset in (a): Honey-
comblike structure of the full hexagonal reciprocal space. The high-
symmetry points of the first BZ (�,K) (black hexagon) and second
BZ (M) (gray hexagon) are shown. Pink shaded area indicates the kx

scanning direction.
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11 K [Fig. 6(b)]. The spin-orbit valence-band splitting was
clearly observed. Continuous curves represent the parabolic
fitting of the band dispersion of the upper band (VBK

1 ).
The experimental peak positions as a function of kx were
determined from the “zero” values of the first derivative
of the EDC method (see Appendix E) with the binding

energy (momentum) uncertainty being 10 meV (0.01 Å
−1

).
Note that as kx varies across K , the valence-band dispersion
along the �K direction of the first BZ and the KM band
dispersion of the second BZ are effectively mapped. This
is due to the “honeycomb” structure of the full hexagonal
reciprocal space [see inset in Fig. 6(a)], which leads to a
nonsymmetrical band dispersion across the K point. To min-
imize the impact of the band dispersion asymmetry on the
fitting results, the parabolic fit was limited to a ±0.07 A−1

momentum range around the maximum of VBK
1 band

dispersion.
The obtained energy and momentum position of the VBK

1
band maximum at the K point are indicated by horizontal
(red) dashed and vertical (black) dash-dotted lines. In partic-

ular, a fitted momentum value of kK
x = (1.325 ± 0.005) Å

−1

was obtained for both temperatures. According to the hexag-
onal symmetry of the 2D system, the MoS2 in-plane lattice
constant (a) and corresponding uncertainty (�a) were ob-

tained as a = 4π/3kK
x and �a = (4π/3kK

x

2
) �kK

x , respec-

tively. A lattice constant a = (3.16 ± 0.01) Å
−1

of MoS2

was extracted at 295 and 11 K.

APPENDIX E: MoS2(ML) BAND STRUCTURE BY
FIRST-PRINCIPLES CALCULATIONS

1. Freestanding ML

The geometry of the MoS2 monolayer structure was op-
timized by hybrid DFT with the Heyd-Scuseria-Ernzerhof
(HSE) exchange-correlation functional [38] as incorporated
in the Vienna ab initio simulation package (VASP) with a
tolerance of 0.005 eV/Å. The energy cutoff was set at 400
eV, and the Brillouin zone was sampled with a 6 × 6 × 1
�-centered k-point mesh. Charge density plots in Fig. 2(g)
were obtained for the MoS2 lattice constant (3.160 Å) without
strain at the valence-band edge at the � and K points. The
as-calculated valence-band dispersion is plotted in Fig. 1(a).

2. In-plane lattice contraction: Impact on the ML band
structure

For the strained monolayers [Fig. 7(a)], the lateral position
of Mo was fixed, while the positions of the S atoms were

FIG. 7. (a) Schematic in-plane lattice contraction (blue arrows) of MoS2 freestanding layer (side view). (b),(c) Representative VB
calculation along the �K for freestanding MoS2 ML with different lattice constants: (b) a = 3.160 Å and (c) 3.144 Å. Energy scale is referring
to the valence-band maximum at K . (d) Side view: schematic structure of MoS2 (ML)/graphene heterostructure (interlayer distance d). Top
view: MoS2 (ML)/graphene supercell used in the theoretical calculation. (e)–(g) Calculated valence-band structure of MoS2 (ML)/graphene as
projected along the �K direction of the MoS2 layer at (e) d = ∞ (i.e., freestanding MoS2 ML), (f) d = 3.50 Å, and (g) d = 3.20 Å.
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relaxed. The band structure for each structure was calculated
using the HSE functional with spin-orbit coupling (SOC)
[33]. Representative calculated VB dispersions along the �K
direction for freestanding MoS2 ML as a function of the
in-plane lattice constant a are shown in Figs. 7(b) and 7(c).

3. Substrate-lattice interlayer distance: Impact on the
ML band structure

In order to evaluate the impact of the substrate on the
MoS2 VB dispersion, a single-layer HOPG (i.e., graphene)
was considered [Fig. 7(d)] to reduce computational cost. A
semiempirical extended Hückel molecular orbital (EHMO)
Hamiltonian (without SOC) [39] was used to calculate band
structures because the lattice mismatch of the MoS2 and
graphene layers requires the use of a larger unit cell (7 × 7
for MoS2 and 9 × 9 for graphene), and the DFT calculation is
computationally more expensive. The optimized MoS2 lattice
constant (without the strain) from the HSE calculation was
used, and the EHMO parameters were fitted to the HSE band
structures. The MoS2− graphene interlayer distance d was
fixed at different values to observe the change in the band
structures. Representative calculations as a function of the
interlayer distance d are shown in Figs. 7(e)–7(g).

APPENDIX F: IMPACT OF COOLING/ANNEALING
CYCLES ON THE EDCs’ LINE SHAPE AND PEAK

BINDING ENERGY

Figure 8 shows a comparison of the EDCs curves at the
� and K points across 295 → 11 → 295 K cooling cycle as
completed in ∼ 24 h. Note the complete recovery of the EDC
line shapes and energy position after sample heating from 11
to 295 K.

FIG. 8. (a) EDCs evolution at the � point as a function of the
sample temperature, from 295 K (red) to 11 K (blue), and after
warming up back to 295 K (green). The Shirley backgrounds were
substrates for the raw EDCs and then data normalized with respect
to the peak maximum (see main text for detailed discussion). The
position of the peak maxima is indicated by vertical bars. (b) Same
as (a) for EDCs at the K point.

FIG. 9. ARPES EDCs curve around the (a) � point and (b) K

point of the MoS2 BZ acquired at 295 K. The first derivative of
the experimental data is shown by the dotted (orange) curve after
intensity rescaling.

APPENDIX G: DETERMINATION OF EDCs PEAK
MAXIMA

The energy position E0 of the peak maxima EDCs was
determined from the “zero” value of the corresponding first
derivative −dI/dE, where I is the spectral intensity and E

is the binding energy. The estimated uncertainty on the peak
energy position was 10 meV. A schematic of the method is
illustrated in Fig. 9, as applied to the EDCs at the � and K
points. Before derivative analysis, a Shirley-type background
was subtracted from the EDCs (see Fig. 10), to take into
account the contribution of inelastically scattered electrons to
the measured spectral intensity [33].

FIG. 10. ARPES EDCs around the (a),(c) � and (b),(d) K points
of the MoS2 BZ, acquired at (a),(b) 295 K and (c),(d) 11 K with
calculated Shirley-type background (black curves).
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APPENDIX H: EDCs FITTING

The EDCs at the � and K points were finally analyzed
by a least-square fitting procedure by simulation with a sym-
metric Voigt peak, i.e., convolution between a Gaussian and
a Lorentzian function [32] after a Shirley-type background
subtraction [33].

The full width at half maximum (FWHM) of the Gaus-
sian component (wG) reflects the energy broadening due to
(i) finite experimental resolution (∼20 meV in the present
case) and (ii) Coulomb disordering effects resulting from
structural effects in the 2D system [32,35]. The FWHM
of the Lorentzian component is directly related to the
intrinsic lifetime of the hole quasiparticle originating in
the photoemission process, as limited by interaction with
other electrons in the system, phonons, and scattering by
defects [10,32,34].

The least-square analysis of the EDCs was limited to
the [Ehigh

fit ÷Elow
fit ] binding energy range, where E

high
fit = E0 +

0.03 eV and Elow
fit = 0.25 eV (see Fig. 9), to minimize the

impact of the intrinsic asymmetry at the high binding energy
side on the experimental EDCs (see Fig. 2). Within the chosen
energy range, the symmetric Voigt function correctly repro-
duced the peak maximum position and the low binding energy
tail of the EDCs at the � and K points, which is relevant for the
present discussion. The goodness of the fit was evaluated by
residual analysis, the uncertainty of wL and wG values being
±5 meV.

FIG. 11. ARPES EDCs at (a) � and (b) K points acquired at
295 K (red curve) and 11 K (blue curve). The Shirley backgrounds
were subtracted from the raw EDCs and then data normalized with
respect to the peak maximum. Data were aligned to the position of
the peak maximum at 295 K to better compare the ARPES line shape.
The impact of the sample temperature on the low binding energy tail
of the photoemission peaks is highlighted in the insets of (a) and (b)
(magnified intensity scale).

APPENDIX I: ARPES DATA COMPARISON AT
HIGH-SYMMETRY POINTS

Figure 11 shows a direct comparison of the EDCs at the
� [Fig. 11(a)] and K [Fig. 11(b)] points acquired at 295 K
(red curve) and 11 K (blue curves). The Shirley background
were subtracted from the raw ARPES curves and then data
normalized with respect to the peak maximum. Data were
aligned to the position of the peak maximum at 295 K to
compare the ARPES line shape. The impact of the sample
temperature on the low binding energy tail of photoemission
peaks is highlighted in the insets of Figs. 11(a) and 11(b).
At the � point, the increase (decrease) of the Lorentzian
(Gaussian) character at 11 K results in the observed stronger
signal in the low binding energy tailing region (see main text
for discussion). At the K point, no change in the ARPES line
shape is detected with temperature in the low binding energy
tailing region.

APPENDIX J: EDCs ANALYSIS FOR VBK
2 ELECTRONIC

STATE

The above least-square fitting analysis was limited to the
binding energy region near the local band maxima � and
K points, i.e., VB� and VBK

1 states, respectively. The EDCs
analysis were also extended at the VBK

2 states at the K

point according to the following constraints: (i) VBK
1 peak

parameters were kept fixed to those determined in the pre-
vious analysis and (ii) the higher binding energy limit of
the fitting range was set to 0.03 eV from the VBK

2 maxi-
mum position, as determined by the first-derivative method
(see above).

The results of the corresponding analysis at various tem-
perature are reported in Fig. 12, showing a decrease of the
wL (from 50 to 30 meV, the error bar being ±10 meV) of

FIG. 12. ARPES data at (a) 295 K and (b) 11 K with corre-
sponding cumulative fitting curve (continuous black curves). The
Lorentzian width wL of the VBk

1 and VBk
2 peaks (shaded green and

orange, respectively) is indicated.
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the VBK
2 peak. The absence of Lorentzian width change upon

temperature for the VBK
1 state is in line with theoretical

expectation for a single layer. Basically below 295 K (room
temperature), no phonon-mediated hole scattering from the K
to � points is possible as the thermal energy (<25 meV) is
much smaller with respect to the energy separation between
the � state and K point (∼140 meV). In contrast, the VBK

2
state is located at comparable energy with respect to the VB

state at the � point. The phonon-mediated scattering process
between VBK

2 at the K point and � point is then allowed at
room temperature and contributes to the quasiparticle lifetime.
As the temperature decreases, phonon-scattering processes
are gradually quenched, resulting in an increase (decrease) of
the VBK

2 quasiparticle lifetime (peak width). Similar results
were reported in the temperature-dependent ARPES study of
WS2 ML on Au(111) [21].
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